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SYSTEMS AND METHODS FOR
MONITORING HAND AND WRIST
MOVEMENT

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 61/774,881, filed Mar. 8, 2013, which 1s
hereby incorporated by reference herein in its entirety.

NOTICE OF GOVERNMENT-SPONSORED
RESEARCH

This imnvention was made with Government support under
grant contract number NIH-RO1HD062744-01 awarded by

the National Institutes of Health. The Government has
certain rights 1n the mvention.

BACKGROUND

Human movement monitoring provides a way to quanti-
tatively assess function without therapist intervention.
Knowledge of how individuals use their affected limbs as
they interact in an unsupervised environment, such as the
home, 1s critical to evaluating motor function and recovery
following an injury or a neurologic event. Moreover, an
accurate assessment of movement at home 1s 1mportant to
administering appropriate therapy 1n the clinic and to devel-
oping appropriate rehabilitation iterventions. Home moni-
toring also enables the possibility to provide daily quanti-
tative assessment to the user, which can help motivate use of
the aflected limb.

Questionnaires are commonly used to assess the function-
ality of upper and lower extremities but provide only a
subjective 1interpretation, which can lead to inconsistent
assessment results. Recent advancement of mimaturized
clectronics and sensors has brought about a surge of devices
for at home, unrestrained human monitoring that can quan-
titatively measure use. Accelerometer-based systems are the
most common modality for measuring lower-extremity and
upper-extremity movement. Although these systems can be
used to estimate the amount of gross movement of the upper
extremity, they do not address movement quality and small
movements may not be detected. Moreover, because the
sensors are worn on the wrist, accelerometry 1s insensitive to
fine movements of the wrist and hand, such as those made
when writing or typing.

In the laboratory, sophisticated data gloves, goniometers,
and motion-capture systems can be used to quantily use of
the wrist and hand. However, such devices are not designed
for long-term data logging 1n an uncontrolled environment.
In addition, such devices can be ditlicult for individuals with
a physical impairment to don and dofl, may restrict natural
movement of the hand, and may be too cumbersome to wear
for long periods of time.

In view of the above discussion, 1t can be appreciated that
it would be desirable to have an alternative way to measure
specific hand or wrist movements 1n uncontrolled settings.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood with
reference to the {following figures. Matching reference
numerals designate corresponding parts throughout the fig-
ures, which are not necessarily drawn to scale.
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FIG. 1 1s a schematic view illustrating an embodiment of
apparatus for monitoring hand and wrist movement, the
apparatus shown attached to a patient.

FIG. 2 1s a block diagram of an embodiment of a data
acquisition unit shown 1 FIG. 1.

FIG. 3 1s a schematic view of an embodiment of a system
for monitoring hand and wrist movement that includes the
monitoring apparatus of FIG. 1.

FIG. 4 1s a block diagram of an embodiment of a
computing device shown in FIG. 3.

FIG. 5 includes graphs that show uncalibrated and cali-
brated measurements of a triaxial magnetometer as 1t was
rotated in random orientations for 30 seconds away from
ferrous or magnetic materials. The left graph shows a
non-symmetrical ellipse about the X, vy, and z axes that 1s a
product of magnetic field distortions from ferrous and EMEF-
producing components on the data acquisition unit printed
circuit board, while the right graph shows that, after cali-
bration, signal artifacts are removed and the magnetometer
measures the same magnitude regardless of its orientation
when mapped in three-dimensional space.

FIG. 6 1s a schematic drawing of a 3 input, 3 output radial
basis tunction network (RBFN) that can be used to map
magnetometer values to joint angles.

FIG. 7 includes graphs of angle estimates obtained while
a subject performed a shoe tying task at the medium inten-
sity condition for radial/ulnar deviation (top graph), wrist
flexion/extension (middle graph), and finger flexion/exten-
sion (bottom graph) on Day 1. The solid line represents the
monitoring apparatus’ joint angle estimates and the dashed
line represents goniometric exoskeleton angle estimates.

FIG. 8 includes graphs of estimates of the total angular
distance measured by the monitoring apparatus and the
goniometric exoskeleton for wrist flexion/extension (Wrist
FE, left), radial/ulnar deviation (Wrist Dev., middle), and
finger flexion/extension (Finger FE, right).

FIG. 9 includes graphs of the total angular distance
summed across all 12 tasks and all three joint angles at each
intensity condition for Day 1 (left), Day 2 (middle, 2-3 days
later) and Day 3 (night, 6-8 days later). Data from the
monitoring apparatus and the goniometric exoskeleton are
shown by the solid light and dark lines, respectively, while
the dashed lines show predictions calculated by doubling
and tripling the values measured at the low intensity con-
dition. The bottom graphs show the distance-traveled esti-
mates as a percentage of their predicted values.

DETAILED DESCRIPTION

As described above, 1t would be desirable to have a way
to measure specific hand or wrist movements 1n uncontrolled
settings. Described 1n this disclosure are systems and meth-
ods for measuring hand and wrist movements that provide
quantitative and qualitative hand, wrist, and arm assessment.
Because the systems and methods are unobtrusive, they are
suitable for non-clinical applications, including home use. In
some embodiments, the system includes monitoring appa-
ratus that a patient user wears, including a magnetic ring that
1s worn on a finger and a data acquisition unit that 1s worn
on the wrist. As the patient moves his or her hand, sensors
within the data acquisition unit store movement data, which
can be uploaded to a separate computing device for pro-
cessing.

In the following disclosure, various specific embodiments
are described. It 1s to be understood that those embodiments
are example implementations of the disclosed inventions
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and that alternative embodiments are possible. All such
embodiments are mtended to fall within the scope of this
disclosure.

As 1ndicated above, disclosed herein are systems and
methods for measuring hand and wrist movements that
provide quantitative and qualitative hand, wrist, and arm
assessment, as well as long-term movement monitoring. As
described below, the systems and methods can provide
quantitative feedback useful in rehabilitation and can be
used by healthcare providers to assess patient movement. In
addition, the systems and methods can be used as scientific
research tools for studying movement. In some cases, the
systems and methods can further be used as a computer or
game console 1nput device.

FIG. 1 illustrates wearable monitoring apparatus that can
be used to collect data about the movement of the patient’s
hand, wrist, and arm. As shown in FIG. 1, the apparatus
includes a ring 10 that 1s worn on one of the fingers, such as
the index finger, and a data acquisition unit 12 that 1s worn
on the wrist 1n similar manner to a watch. The ring 10 1s
made ol a strongly magnetic material. In some embodi-
ments, the ring 10 comprises a rare-carth magnetic material,
such as N50 neodymium, and has a field strength of approxi-
mately 0.3 Gauss at a distance of 15 cm (roughly the
distance between the metacarpal-phalangeal (MCP) joint of
the index finger to the wrist).

In the 1llustrated example, the data acquisition unit 12 has
a generally rectangular housing 16 that 1s attached to a wrist
strap 14. By way of example, the housing 16 1s approxi-
mately 2 to 3 inches long, 1 to 3 imnches wide, and 0.5 to 1
inch thick. It 1s to be understood, however, that these are
only example dimensions and that other dimensions are
possible. Moreover, the housing 16 need not be rectangular.
Indeed, the shape of the housing 16 1s of little importance as
long as 1t 1s unobtrusive to the patient. In other embodi-
ments, the housing 16 can comprise a fabric, such as
neoprene fabric. In still other embodiments, the housing 16
can be cast 1 a polymer material, such as silicone or
urcthane. As 1s further shown 1n FIG. 1, the data acquisition
unit 12 can include a switch 18 and an indicator light 20,
such as a light-emitting diode (LED). The purpose of these
components 1s described below.

FIG. 2 schematically illustrates an example of electronics
housed within the data acquisition unit 12. In this example,
the data acquisition unit 12 includes a central controller 24,
such as a microcontroller, that controls all operations of the
unit. By way of example, the central controller can comprise
a PIC24FJ64GB002 microchip microcontroller available
from Microchip Technology, Inc. Also comprised by the data
acquisition unit 12 are multiple sensors, including one or
more magnetic sensors 26 and one or more inertial sensors
28. In some embodiments, the magnetic sensors 26 1include
one or more pairs of spatially-separated triaxial magnetoms-
cters that are positioned at opposite ends of the data acqui-
sition unit 12. The magnetic sensors 26 can measure the
strength and orientation of magnetic fields generated by the
ring 10 (FIG. 1) as the patient moves his or her hand and
wrist. In some embodiments, the magnetic sensors 26 mea-
sure the magnetic field strength at a range of +/-3.2 Gauss
with 12 bits of resolution. As described below, the measured
magnetic field data can be processed to identily specific
movements that were performed by the hand or wrist. In
some embodiments, the 1nertial sensors 28 include a triaxial
accelerometer that 1s configured to measure acceleration
from movement of the arm to provide further data that can
be analyzed.
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Although not shown 1n FIG. 2, the data acquisition unit 12
can 1nclude other sensors. For example, the data acquisition
unit 12 can comprise one or more of a gyroscopic sensor that
can be used to determine limb orientation and a global
positioning system (GPS) sensor that can be used to deter-

mine the global position of the patient and to obtain a more
accurate estimate ol arm and hand use.

With further reference to FI1G. 2, the data acquisition unit
12 also includes memory 30 that can be used to store the data
that 1s measured by the sensors 26, 28. In some embodi-
ments, the memory 30 1s a nonvolatile flash memory, which
may or may not be contained within a removable memory
card such as a microSD card. By way of example, data can
be sampled at a frequency of 25 Hz, in which case 1.8 MB
of data are stored to memory 30 per hour. The data acqui-
sition unit 12 further includes a user interface 32, which 1n
this example includes the switch 18 and indicator light 20
shown 1 FIG. 1.

As 1s also illustrated 1n FIG. 2, the data acquisition unit 12
comprises an internal power source 34 such as a battery,
which powers the various components of the unit. By way
of example, the power source 34 can be a rechargeable 3.7
V, 450 mAh lithium polymer battery. In addition, the data
acquisition unit 12 comprises a communication component
36 that enables the unit to communicate with another device,
such as a computing device (see FIG. 3). In some embodi-
ments, the communication component 36 comprises a com-
munication port, such as a universal serial bus (USB) port.
In other embodiments, the communication component com-
prises the components that enable wireless communication
with the other device, such as a Wi-F1 (IEEE 802.11) or
Bluetooth (IEEE 802.13) transmitter and receiver.

It 1s noted that while specific components are shown 1n
FIG. 2 and have been discussed above, the data acquisition
umit 12 can comprise other components. For example, in
embodiments 1n which the power source 34 is a rechargeable
battery, the unit 12 would further include a battery recharg-
Ing circuit.

Once data has been stored by the data acquisition unit 12,
for example, after a day of use, the data can be transmitted
to a computing device for processing. FIG. 3 illustrates an
example system 40 1n which this can occur. As shown 1n that
figure, the system 40 includes the data acquisition unit 12
and a separate computing device 42. The data acquisition
unit 12 can transfer 1ts recorded data to the computing device
42 either wirelessly or via a connection cable 44. Although
the computing device 42 1s illustrated 1n FIG. 3 as compris-
ing a desktop computer, 1t 1s noted that the computing device
can be substantially any device that has the ability to receive
data from the data acquisition unit 12 and process it 1n the
desired manner. Accordingly, the computing device 42 can
alternatively comprise a tablet computer, a smart phone, or
another device.

In some embodiments, the system 40 can include a
docking station to which the data acquisition unit 12 can be
docked. In cases 1n which the docking station comprises a
USB connector to which the data acquisition unit 12 con-
nects, the internal power source 34 can be automatically
disconnected and power can be supplied to the unit via the
USB connector when the unit 1s docked. When the docking
station 1s connected the computing device 42, for example,
with a wired connection, docking can also automatically
initiate downloading of the collected data and recharging of
the power source 34.

FIG. 4 1s a block diagram of an example architecture for
the computing device 42 shown in FIG. 3. As 1s shown 1n
FIG. 4, the computing device 42 generally comprises a
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processing device 50, memory 52, a user interface 54, and
interface controllers 56, each of which 1s connected to a
system bus 58.

The processing device 50 can comprise a central com-
puting processor (CPU) that 1s capable of executing nstruc-
tions stored within the memory 52. The memory 52 1s a
non-transitory computer-readable medium that can include
any one or a combination of volatile memory elements (e.g.,
the patient or a random access memory (RAM)) and non-
volatile memory elements (e.g., hard disk, flash memory,
etc.). The user mtertace 54 comprises the components with
which a user (e.g., healthcare professional) interacts with the
computing device 42, such as a keyboard, mouse, and
display. The interface controllers 56 comprise the compo-
nents adapted to facilitate communication with another
device, including the data acquisition unit 12.

Stored within memory 52 are various programs and/or
algorithms (logic), including an operating system 60 and a
data processing system 62. The operating system 60 governs
general operation of the computing device 42 while the data
processing system 62 1s configured to process and analyze
the data measured by the data acquisition unit 12 (FIG. 2) to
identily specific movements that were made by the patient’s
hand, wrist, and arm. In some embodiments, the data can be
processed to provide information about wrist flexion and
extension, ulnar and radial deviation, finger flexion and
extension, and gross arm movement.

In some cases, the system 40 can be used to deliver
neurologic or muscular rehabilitation to a patient by pro-
viding a quantitative measure of their movement. At the end
of each day, patients can see how much they have moved
their wrists and hands to motivate them to continue using the
allected appendage. The system can further be used by
healthcare providers as a means to assess human movement.
The system can track the quantity and duration of move-
ments throughout the day and can distinguish physical
therapy from normal activity. The system can also help
determine wrist posture, which 1s important for assessing,
for example, whether or not a patient with carpal tunnel
syndrome 1s typing on a computer keyboard correctly. The
system can also be used to answer scientific questions
related to human or animal movement. For instance, the
relationship between corticospinal tract integrity and quan-
titative history of movement practice on the response to
robot-assisted movement training can be explored.

In addition to enabling evaluation of the patient, the worn
monitoring apparatus can also be used as a real-time input
device to a computing device or game console. For example,
the apparatus can serve as a two-dimensional mouse with a
click function. It could also be used as a gaming input device
for games, including rehabilitation games for the hand,
wrist, or arm.

Having described example embodiments for the systems
and apparatuses above, operation and use of the systems and
apparatuses will now be discussed. As shown 1n FIG. 1, the
patient user can place the ring 10 on one of his or her fingers,
such as the index finger, and can attach the data acquisition
unit 12 to his or her wrist using the wrist strap 14. Once
those components have been donned, the user can 1mitiate
data acquisition by pressing or sliding the switch 18. When
the user does this, the indicator light 20 will glow to confirm
that the data acquisition unit 12 1s recording data. By way of
example, data can be continuously recorded for approxi-
mately 20 hours.

In some embodiments, the patient can communicate other
information to the data acquisition unit 12. For example, the
patient can either actuate the switch 18 or a further switch
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6

(not shown) to communicate to the unit 12 that the patient
1s conducting rehabilitation exercises. This mode of opera-
tion can be communicated by the indicator light 20 emitting
a different color or by a further indicator light (not shown).
When the user communicates that he or she 1s performing
exercises, the data collected during that time interval will be
tagged so that it can be distinguished from data collected
during normal movement.

At the conclusion of the monitoring session, for instance
at the end of each day, the patient can remove the data
acquisition unit 12 and transmit its collected data to the
computing device 42 using a wired or wireless communi-
cation channel. Once the data has been received by the
computing device 42, 1t can be processed to identily the
movements of one or more of the hand, wrist, and arm. A
quantitative and understandable measure of hand, wrist,
and/or arm use can then be displayed to the user, who may
be the patient or a healthcare professional. Trend analysis
that provides a longitudinal assessment of the patient’s
progress can also be displayed to the user. The results of the
data processing can further be transferred to a centralized
location (e.g., data server) that can be remotely accessed by
researchers and clinicians.

The magnetic field measurements collected by the data
acquisition unit 12 mnherently reflect the movement of the
ring 10. As noted above, 1t 1s possible to generate estimates
of wrist flexion/extension, wrist radial and ulnar deviation,
and finger flexion/extension angles by processing these
measurements. Because the strength of the ring’s magnetic
field measured by the data acquisition unit 12 1s comparable
to that of the earth, 1t may be necessary to cancel out the
cllects caused by the earth’s magnetic field. Because the
carth’s magnetic field does not change much over short
distances, whereas the field of the ring 10 does, the earth’s
magnetic field can be canceled out by taking a differential
signal between the two magnetic sensors.

Betore taking the diflerential signal, the magnetic sensors
(c.g., magnetometers) are first calibrated to respond uni-
formly. A perfectly calibrated magnetometer would measure
the same vector magnitude for earth’s magnetic field regard-
less of the magnetometer’s orientation. However, magnetic
distortions caused by ferromagnetic and EMF-producing
components located close to the sensors on the data acqui-
sition unit cause them to respond more strongly in some
directions than 1n others. These distortions can be modeled
by fitting an ellipsoid to the magnetic field measurements
collected by the sensor and using the ellipsoid parameters to
translate, scale, and rotate the data such that each sensor’s
response becomes uniform across all orientations (See FIG.
5).

After magnetometer calibration, the three differential
measurements can be mapped from the magnetometers to
wrist flexion/extension joint angles, wrist radial/ulnar devia-
tion joint angles, and finger flexion angles about the MCP
jomt. Instead of modeling this relationship analytically, this
mapping can be performed using a 3 mput, 3 output radial
basis function network (RBFN) (see FIG. 6) that 1s trained
from actual data samples because 1t can incorporate subtle
variations in detected field strength caused by ferromagnetic
components in the data acquisition umt board that are
difficult to model. In some embodiments, the RBFN can
comprise an mput layer, a single hidden layer holding a bank
of 25 nonlinear neurons, and an output layer comprising
three linear output neurons. Each of the 25 neurons 1n the
hidden layer can be represented by the Gaussian function
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—(x—ﬂx)z—(y—#y)z—(z—#z)z] (D
2

ybf (x, 7, v) = exp(

where X, vy, and z are the components of our differential
measurements, WX, y, z) 1s the center position of the RBFE,
and o 1s the width of the RBF. The output neurons are
represented by a weighted linear combination of the output

of each RBF. 10

A combination of supervised and unsupervised learning
processes can be used to find values for the widths, center
positions, and weights necessary to accurately map magne-
tometer measurements to corresponding joint angles. During,
this training process, a goniometric exoskeleton can be 15
attached to the hand while the monitoring apparatus 1s worn
to obtain a “true” measure of joint angles of the finger and
wrist. The goniometric exoskeleton has no effect on the
magnetometer readings because it contains no ferrous ele-
ments. The center positions for the 25 RBFs can be located 20
using a k-means algorithm to 1dentily cluster centers within
the differential measurement data. The width of each RBF
can be 1dentified by measuring its average distance from 1ts
10 nearest neighbors. Output weights for the RBFs can then
be 1dentified using a variation of linear-least-squares opti- 25
mization known as ridge-regression. Ridge-regression seeks
to minimize the least squared error between the model
output and the measured data while keeping the weights as
small as possible. Penalizing large weights 1n a controlled
way enables reduction of the over-fitting effects in the 30
model. The extent to which large weights are penalized 1s
controlled by a regularization parameter A. A re-estimation
model can be used to find the value for A that minimizes the
generalized cross-validation score of the model.

Unlike walking, in which a step 1s a relatively well 35
defined, measurable action, there 1s no standardized action
unit of hand use. It can therefore be hypothesized that the
total angular distance traveled in wrist flexion/extension,
radial/ulnar deviation, and finger flexion extension retlect
the amount of use of the hand. To compute the angular 40
distance traveled 1n each degree of freedom over the course
of a usage session, one can calculate the integral of the
absolute value of the angular velocity of the data.

A study was performed to determine: (1) the accuracy of
the disclosed monitoring apparatus (FIG. 1) in monitoring 45
finger flexion/extension, wrist flexion/extension, and wrist
ulnar/radial deviation during a series of range of motion and
functional upper-extremity tasks, (2) the accuracy in esti-
mating different levels of movement activity, and (3) the
test-retest reliability of these measurements over three sepa- 50
rate sessions occurring on separate days using only the
initial calibration from the first session. Seven healthy
individuals, all males, with an average age of 23.3+£3.4 years
with no upper-extremity movement disorders participated in
the study. The monitoring apparatus was tested on the right 55
hand for all subjects (one of the subjects was left-hand
dominant).

The magnetometers were calibrated as described above at
the beginning of each testing session. The participants then
donned the monitoring apparatus and goniometric exoskel- 60
cton and were nstructed to move their fingers and wrist
randomly through their full range of motion for two minutes.
This data was then used to train the RBFN to map magne-
tometer values to the joint angles measured by the exoskel-
cton. Participants were then instructed to complete a set of 65
12 tasks three times at either a low, medium, or high
intensity. Subjects were randomly assigned to experience the
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three intensity conditions 1n random order. The set of tasks
that the participants were instructed to complete at the low
intensity condition were:

1. Simulate eating of ten small crackers, one at a time.

2. Flex and extend your fingers through your maximum

range of motion ten times.
. Move 30 standard index playing cards, one at a time.

4. Take five bills and ten coins out of a provided wallet

and put the money back 1n the wallet, one at a time.

5. Open and close a door eight times.

6. Pour 6 oz. of water from one 16 oz. cup into an 1dentical

16 oz. cup spaced 12 inches apart eight times.

7. Perform radial and ulnar deviation through your maxi-

mum range of motion ten times.

8. Tie/untie the shoelaces of a provided shoe three times.

9. Type the phrase “The quick brown fox jumped over the

lazy dogs™ six times.

10. Lay your hand and arm flat on the table and remain

still.

11. Flex and extend your wrist through your maximum

range of motion ten times.

12. Write the phrase ““The quick brown fox jumped over

the lazy dogs™ three times.

For the medium intensity condition, participants were
instructed to make twice as many repetitions as in the low
intensity condition, and for the high mtensity condition they
performed three times as many repetitions. For example,
participants simulated eating 20 small crackers in the
medium 1ntensity condition and 30 small crackers in the
high intensity condition. Subjects completed the same tasks
in the same order for all intensity conditions varying only the
quantity ol movement. They completed a total of three

sessions spaced 1 to 2 days apart between Sessions 1 and 2,
and 6 to 8 days apart between Sessions 2 and 3.

In order to match for the duration of each task for the three
conditions, subjects were allotted one and a half minutes to
complete each task. This duration was selected to give the
subjects enough time to complete the specified number of
repetitions in the high intensity condition. In the common
cevent that a task was completed before time expired, sub-
jects were asked to lay their hand and arm flat on the table
and remain still. In the rare event that the task was not
completed before the allotted time, subjects were instructed
to fimish the task. A computer program guided the partici-
pants through each task by displaying how to complete the
task and the amount of time remaining for the given task. A
trained individual provided supplementary guidance and
helped count the number of repetitions remaining 1 each
task.

Joint angle estimates from the monitoring apparatus and
goniometric exoskeleton were first low-pass filtered using a
6th order Butterworth filter with a cutoll frequency of 2 Hz.
The joint angular velocities were then calculated by calcu-
lating the derivative of the joint angle estimates. The dis-
tance traveled 1n wrist flexion/extension, radial/ulnar devia-
tion, and finger flexion/extension were then estimated by
integrating the absolute value of the estimated joint angular
velocities.

The estimates obtained using the mmventive momnitoring
apparatus correlated well with the exoskeleton estimates of
the joint angles (see FIG. 7). The correlation between the
monitoring apparatus and the exoskeleton angular distance
traveled estimates had a R2 value around 0.9 for wrist
flexion/extension and wrist radial/ulnar deviation across all
three days, including the session that occurred a week later,
with all correlations being highly significant (P<<0.0001) (see
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FIG. 8). The correlations were still significant for finger
flexion, but the R2 values were smaller.

To determine whether or not the monitoring apparatus
could detect the amount of hand use 1n a fixed period 1n
which 1t 1s worn, the total angular distance traveled for all
tasks completed for all joints at each intensity condition was
summed. Since the design of the experiment mandated that
the amount of movement in the low intensity condition
should double and triple 1n the medium and high intensity
conditions, predicted values were defined for the monitoring
apparatus and exoskeleton by doubling and tripling their
distance traveled estimates at the low intensity condition.
The estimates obtained from the monitoring apparatus were
on average about 80% of their predicted values including at
the 6-8 day post follow up session. The error was compa-
rable to the exoskeleton error (FIG. 9), indicating that the
apparatus was as sensitive to changes 1n movement intensity
as the more obtrusive, “gold standard”.

There was a small, consistent offset 1in the estimate of the
monitoring apparatus with respect to that of the goniometric
exoskeleton. In practice, this offset could be measured
during the 1mitial calibration of the device on Day 1 for each
subject, and then subtracted for the following days. There-
fore, the oflset from the first 12 tasks on Day 1 of the
experiment were calculated and that oflset was applied to all
intensity conditions on all days. With the ofiset correction
applied to the estimates, the total distance traveled summed
across all tasks, all conditions, and all joint angles were on
average 92.5%=x28.4, 98.3%=23.3, and 94.7%=19.3 of the
exoskeleton estimates for Day 1, Day 2, and Day 3 respec-
tively.

In calibration process described above, a unique calibra-
tion can be performed for each individual who uses the
monitoring apparatus. One alternative to such a calibration
method 1s to create a large bank of calibrations and then
select from that bank a calibration that was generated using
a process such as that described above that appears to be the
best match for each particular user. Given that the calibration
method described above maps values collected 1n the mag-
netometer input space nto joint angle estimates, the more
similar a user’s input space 1s to the magnetometer data used
to create a particular calibration, the more likely that the
calibration will provide good joint angle estimates for the
user.

The amount of similarity between the user’s magnetom-
cter mput space and that of a bank calibration can be found
by first defining features of the input space (such as its center
position, orientation, extents, etc.) and then computing the
distance 1n this new feature space between the user’s data
and each of the calibrations being evaluated. The larger the
bank of calibrations 1s and the more areas of the possible
magnetometer iput space that 1t covers, the more likely 1t
will be that an effective calibration can be found.

The 1nvention claimed 1s:

1. A system for monitoring hand or wrist movement, the
system comprising;:

monitoring apparatus including a magnetic ring compris-

ing a band configured to wrap around a single finger of
a user and a data acquisition unit adapted to be worn on
a wrist of the user, the data acquisition unit including a
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magnetic sensor that 1s configured to measure the
strength and orientation of magnetic fields generated by
the ring, an ertial sensor that 1s configured to measure
accelerations of the user’s arm, memory that 1s config-
ured to store the data collected by the sensors, a central
controller that 1s configured to control operation of the
data acquisition unit including storing the collected
data to the memory and transmitting the collected data
to a separate computing device, and a battery that
powers the data acquisition unit; and

a computing device that executes a data processing sys-
tem configured to generate from the data collected by
the monitoring apparatus estimates of wrist flexion and
extension, wrist radial and ulnar deviation, and finger
flexion and extension angles, wherein the data process-
ing system 1s configured to estimate wrist flexion and
extension, wrist radial and ulnar deviation, and finger

flexion and extension angles using a trained radial basis
function network.

2. The apparatus of claim 1, wherein the band 1s an
endless band of rare-earth magnetic matenal.

3. The apparatus of claim 2, wherein the band 1s made of
neodymium.

4. The apparatus of claim 1, wherein the data acquisition
unit includes a pair of spatially-separated magnetic sensors.

5. The apparatus of claim 4, wherein the magnetic sensors
are triaxial magnetometers.

6. The apparatus of claim 1, wherein the 1nertial sensor 1s
a triaxial accelerometer.

7. The apparatus of claim 1, wherein the data acquisition
unit further includes a wireless transmitter for transmitting,
data collected by the sensors to the computing device.

8. The apparatus of claim 1, wherein the data acquisition
unit further includes a wrist strap adapted to wrap around the
patient’s wrist.

9. The system of claim 1, wherein the band comprises an
endless band of magnetic matenal.

10. The system of claim 1, wherein the band 1s circular.

11. The apparatus of claim 1, wherein the data acquisition
unit further includes a gyroscopic sensor that 1s configured
to determine arm orientation.

12. The apparatus of claim 1, wherein the data acquisition
umt further includes a global positioning system (GPS)
sensor that 1s configured to determine the global position of
the user.

13. The system of claim 1, wherein the radial basis
function network comprises nonlinear neurons represented
by the Gaussian function

—(x = )" — (¥ — pty)* — (2 — gtz
G—Z

rbf (x, 2, y,) = eXp(

where X, y, and z are the components of differential magnetic
sensor measurements, WX, vy, z) 1s the center position of the
radial basis function of the network, and o 1s the width of the

radial basis function.
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